Background: Dietary interventions and cohort studies relating tree nut consump-
populations with type 2 diabetes, metabolic syndrome, polycystic ovarian syndrome, or among healthy subjects. [1] [2] [3] [4] [5] [6] [7] [8] In these experiments, between 30 and 108 g of walnuts were given per day to a total of 162 females and 132 males for a duration of 4 days to 12 months. Significant decreases were seen in levels of haemoglobin A1c (HbA 1c ) (P < .0006) and insulin response time (P = .018) among patients with polycystic ovarian syndrome at a given 36 g of walnuts per day. 2 Fasting insulin dropped significantly among patients with type 2 diabetes supplemented with 30 g of walnuts per day for 12 months (P = .046). 6 This lends support to the hypothesis that the addition of walnuts at a dose of 30 g/day or more may be beneficial in the prevention and control of type 2 diabetes in efficacy trials. 2, 6 Further support comes from the use of walnut hydrosol extract to control blood sugar of persons with diabetes mellitus. Physicians found a significant decrease in both average daily blood sugar (ranging from 12 to 31 mg/ dL) and the required insulin dose (4-8 units). 9 Recently meta analyses have been published on the overall effects of different food classes on both heart disease and type 2 diabetes 10, 11 These studies have found protective effects of nuts/seeds, warranting further research into nuts, and subsequently specific nut studies. Studies of free-living populations have generally grouped all nuts (including peanuts, a known legume) in their study of associations of nut consumption with diabetes. [12] [13] [14] [15] The only epidemiologic study to date that specifically investigated how walnut consumption influenced risk of diabetes found an inverse relationship when controlling for body mass index. 14 To further explore the association between walnut consumption and risk of type 2 diabetes, we used data from the National Health and Nutrition Examination Survey (NHANES) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , which represents the US population. We identified diabetic individuals through self report, laboratory glucose, and HbA 1c levels commonly used to identify pre-diabetes or diabetes. These data were used to discern the relationship between walnut consumption as compared with other nuts (ON) and non-nut consumption and diabetes risk, in the US population.
2 | METHODS 2.1 | Participants
| NHANES sample
The NHANES is a cross-sectional, probability survey administered to the US civilian population aged from 0 to 85 years. This study used continuous NHANES data collected from 1999 to 2014, covering 8 cycles of data collection (N = 82 091). Participants were excluded from analysis for being under 18 (N = 34 735) and not having data on either day of the 24-hour food intake (N = 6533). In an attempt to have a control group free of nut consumers, individuals who consumed peanuts, but not ON on the day of recall, were excluded from the analysis (N = 6702). After exclusions, our analytic sample N was 34 121, representing a population size of approximately 176 million individuals. All analyses were weighted using a 16-year sampling weight created from the 24-hour dietary recall weights in accordance with the NHANES Analytic and Reporting Guidelines. 16 A subset of adults conducted repeat 24-hour recalls by telephone 3 to 10 days after the baseline dietary assessment. A high level of concordance was noted (~82%) in the walnut consumption classification between both days. were used to identify foods that described or included walnuts by searching for the word "walnut" in the food code label descriptors and to identify foods that described or included ON by searching for the words "nut," "almond," "macadamia," "alpine," "cashew," "pecan,"
"pistachio," and "granola."
| Walnut consumption groups
The food codes used to identify walnut consumption are listed in Table S1 . As in our previous publication on walnut consumption and cognition in NHANES, 17 foods consisting entirely or mostly of clearly identifiable walnuts were classified as "walnuts with high certainty" (WwHC) and food codes describing nut mixes and foods that are likely to include walnuts but also ON were classified as "walnuts with other nuts" (WwON) so that 2 levels of confidence were created, the latter being diluted by ON and with estimates of amounts of walnut consumed totalled per individual across all foods consumed in that group. 
| Walnut consumption amounts
To determine the amount of walnuts consumed for each participant of the WwHC and WwON groups, the food item weights (in grams) were totalled. In instances where the food item weight was reflective of more than just walnuts (eg mixed nuts and muffin with nuts), a percentage of the total weight was used. For these items, the percent weight due to walnuts was determined by the investigators based on common recipes.
| Diabetes outcomes
Five diabetes definitions were used in this study. Three definitions were based on laboratory results of fasting plasma glucose (FPG) and glycohemoglobin, and 2 definitions were based on questionnaire responses to diabetes questions and medication usage. Multiple definitions were used to capture both subjective and objective diabetes diagnoses and to examine the robustness of our findings.
Self-reported diabetes
The NHANES questionnaire asked participants if a doctor had ever told them they had diabetes. Responses were dichotomized as diabetic/ non-diabetic, with self-report "borderline diabetes" collapsed with self-reported non-diabetes. Those that reported taking or brought to the interview any of the following: chlorpropamide, diazoxide, glipizide, glyburide, insulin, tolazamide, metformin, acarbose, glimepiride, miglitol, troglitazone, repaglinide, rosiglitazone maleate, pioglitazon, and nateglinide, were classified as a person with diabetes.
Fasting plasma glucose
The NHANES laboratory data from 1999 to 2012 provided FPG values for interviewed participants. In accordance with guidelines by the American Diabetes Association, 18 participants with FPG greater than 125 mg/dL were classified as persons with diabetes, participants with FPG greater than 100 mg/dL and less than or equal to 125 mg/dL were classified as borderline diabetes, and participants with FPG less than 100 were classified as persons without diabetes.
Glycohemoglobin
The NHANES laboratory data from 1999 to 2012 also provided data on percentage glycohemoglobin (HbA 1c ) for interviewed participants.
Participants with HbA 1c greater than or equal to 6.5% (48 mmol/ mol) were classified as persons with diabetes, participants with levels greater than or equal to 5.7% (39 mmol/mol) and less than 6.5%
(48 mmol/mol) were classified as borderline diabetes, and participants with levels less than 5.7% (39 mmol/mol) were classified as persons without diabetes.
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Fasting plasma glucose and haemoglobin A1c
A definition combining high levels of both FPG and HbA 1c was used to identify a second group of undiagnosed and poorly controlled diabe- 
| Covariates
Covariates used in the adjusted analyses were age, gender, race, years of education, body mass index, alcohol consumption, and levels of physical activity. The upper bound for the age data collected was In years 1999 to 2006, vigorous physical activity was defined as activity that causes heavy sweating and large increases in breathing or heart rate, while moderate physical activity was defined as light sweating or slight to moderate increase in breathing or heart rate.
National Health and Nutrition Examination Survey participants
were asked if they did any vigorous or moderate activities for at least 10 minutes over the past 30 days, and were coded based on these answers for the study. In years 2007 to 2012, participants were asked if their work involved vigorous or moderate intensity activity for at least 10 minutes and if they did any vigorous or moderate intensity recreational activities for at least 10 minutes continuously.
Alcohol consumption was analysed as a dichotomous variable to maintain consistency across all NHANES cycles used in this study based on their report of the average number of drinks in the last 12 months.
| Statistical analysis
The associations of walnut consumption with diabetes outcomes were assessed using binary (self-report diabetes definition) and multinomial (composite self-report and objective diabetes definitions) logistic regression models. Effects for the walnut consumption groups were based on comparisons to the no nut group. Separate logistic (and multinomial logistic) regression models were built for each of the 5 diabetes outcomes with "non-diabetes" used as the reference outcome category in each model. Models were additionally adjusted for the aforementioned covariates. Walnut consumption amounts were standardized so that effects are reported per 1 standard deviation of the total walnut grams, which is equivalent to~1.5 tablespoons of walnuts (a small handful). Walnut consumption amount analyses were conducted among groups reporting any walnut consumption (WwON and WwHC)
to assess a dose-response of walnut consumption. Because the walnut consumption amount analyses represented a smaller subset of the sample, the survey sampling properties (strata and primary sampling units)
had insufficient sample size to conduct the variance estimation in 2 of the 118 sampling strata. These 2 strata were excluded from the walnut consumption amount analyses, resulting in a loss of 32 participants.
Interactions of walnut consumption groups and amounts with gender and race were additionally explored. All analyses were weighted using the 16-year NHANES sample day 1 dietary weights and used the NHANES strata and population sampling units to account for the complex survey design. Data management was conducted in SAS version Table 3 shows the results of the multivariable logistic (and multinomial logistic) regression models of diabetes and walnut consumption. pants who consumed NN respectively (P = .045 and P = .025). However, among the walnut consumers, there was not a significant dose-response association using the walnut consumption amount for either definition (RRR = 0.94, P = .54 and RRR = 0.85, P = .19).
| Associations of walnut consumption with diabetes outcomes
None of the biochemistry-based diabetes definitions showed associations between WwON and diabetes prevalence relative to the no nut group. The ON group showed a significant reduction in diabetes prevalence relative to the NN group for both the A1c (RRR = 0.77, Walnut consumption was determined through self-report of all food consumed in the past 24 hours.
b All individuals whose food codes that did not include walnuts or other nuts were classified as "no nuts" (NN).
c Individuals consuming nuts other than walnuts (ie cashew nuts and pistachios) or nut-containing foods that do not commonly contain walnuts (eg granola) were classified as "other nuts" (ON).
d Classified based on food codes describing nut mixes and foods that commonly include walnuts were classified as "walnuts with other nuts" (WwON).
e Food codes that clearly indicated walnuts were classified as "walnuts with high certainty" (WwHC). P = .037) and combined FPG and A1c definition (RRR = 0.72, P = .009).
Associations of walnut or nut consumption with borderline diabetes
was not present for any definition except A1c, which showed an increased prevalence of borderline diabetes for other nut consumers relative to the no nut group (RRR = 1.17, P = .033).
Unadjusted analyses, although not presented in Table 3 , were conducted and showed results consistent with the magnitude, direction, and statistical significance of our covariate adjusted analyses.
Examination of interactions with gender presented in Table 4 and illustrated in Figure 2 suggests differences between men and women.
Among persons consuming WwHC, there is suggestion of a greater effect in women than men. When examined as a dose-response, the interaction was of borderline significance (P = .061), showing the same RRR, relative risk ratio; OR, odds ratio; CI, confidence interval.
Models adjusted for age, gender, race, body mass index, education, smoking, alcohol use, and exercise. 
| DISCUSSION
Against a background of meta-analyses showing heterogeneity in the relationship between nut consumption and diabetes mellitus, we examined this with regard to both nuts in general and walnuts specifically in the US population. Individuals who knew they had diabetes as well as those as yet undiagnosed and those with borderline risk of diabetes were examined.
Previously, the Nurses Health Studies I and II found, after 10 years of follow up, inverse associations between walnut consumption and risk of type 2 diabetes. These were attenuated after adjusting for body FIGURE 2 Decreased risk of diabetes in female walnut consumers versus male. Including 95% CIs mass index. 20 Since the participants were all female nurses, external generalizability of the study is limited. In the broader population of NHANES, we also found an inverse association between self-reported diabetes mellitus and walnut consumption across the entire population. When we stratified by gender, there was indication that the association with walnuts might be greater among women than men. respectively. This supports the use of fasting blood glucose as the stronger diagnostic tool. As FPG is the marker more closely associated with walnut consumption, we suggest that the association between FPG and walnut consumption is more likely to be of clinical relevance.
Our findings are largely consistent with those of PREDIMED, the randomized trial conducted in Spain, which suggested that a Mediterranean diet supplemented with 30 g/day nuts (50% walnuts, 25% almonds, and 25% hazelnuts) significantly reduced risk the incidence of type 2 diabetes compared with the low-fat control diet. However, our findings suggest that walnuts might be outperforming ON. The greater the certainty of walnut consumption and the greater the quantity consumed, the stronger the association.
Results from clinical trials, which tested the effect of walnuts on glycaemic control parameters, did not exhibit improvement in diabetic parameters with walnut supplementation. 4, 6, 7 In the longest of the 3 studies, lasting 12 months, a significant decrease in plasma insulin was found (P = .046) in the walnut group. 6 Two other studies of whether a walnut enriched diet affected individuals with metabolic syndrome found no significant changes in fasting glucose regardless of rather high supplementation of walnut of either 48 or 63 to 108 g/day. 1, 5 These studies differed in length (4 days compared with 8 weeks) and study design (crossover versus parallel, respectively). Researchers inferred that weight management is more important than any beneficial effects of walnuts.
Another 8-week crossover clinical trial, which was performed on healthy Caucasians lasting 8 weeks, did not find any significant differences in fasting glucose, insulin, HbA 1c , or HOMA-IR when a Western diet was enriched with 43 g of walnuts per day. 8 A 6-week-long dietary intervention among women with polycystic ovarian syndrome did not find differences in fasting glucose, insulin, or HOMA-IR between the walnut treatment group (receiving 36 g of walnuts per day) and the control group. 2 However, the researchers did see a significant (P < .0006) decrease in HbA 1c and a faster insulin response time (P = .0182).
One possible mechanism relates to a possbiel walnut-brain interaction impacting hunger. A recent well-designed, randomized, placebo-controlled, double-blind, cross-over functional magnetic resonance imaging-based dietary trial on 10 patients consumed walnuts versus placebo as a smoothie for 5 days. Decreased feelings of hunger and appetite and increased activation of the right insula to highly desirable food cues was found. 22 Thus, walnuts may impact appetite and indirectly reduce risk of diabetes. Another theory proposes a role of inflammation and/or oxidative stress in cardiometabolic disorders.
A recent cohort study examined the influence of adherence to the Mediterranean diet on oxidative stress and inflammatory biomarkers.
In a 10-year follow-up, the incidence of diabetes was related to medium and high adherence to a Mediterranean diet, with decrease diabetes risks of 49% and 62% respectively, compared with low adherence. Their results suggest a possible impact of diet on the inflammatory mechanisms causing diabetes. 23 The contrasting findings among short-term clinical trials and effects seen in large free living populations might be explained by either the trial duration, the timing of effect being to late in the course of the disease, or the effect of dietary changes being too subtle in a population that is already heavily treated. Alternatively, in NHANES, walnut consumers may differ in other ways that are not adequately controlled for in the analyses. The largest concern with NHANES is its cross-sectional nature. Inverse causality might exist due to diagnosed individuals knowing their diagnosis, which may change behaviour. We approached this challenge by using multiple measures of diabetes, some of which were unrelated to knowledge of the condition. Even here, when using fasting glucose, irrespective of self-report status, we found a significant association. The substantiation in PREDIMED, of lower diabetes incidence under an intervention which included 15 g/day of walnut, adds confidence to a causal assumption.
In the NHANES population, a significant limitation is the intraindividual variation in consumption of specific foods and amounts consumed. The categorization of estimated portion sizes and analysis of nut consumption was based on 24-hour recall. There is a likelihood of an underestimation of the effect because of the possibility of individuals who normally consume nuts not eating them on the specific report days. As the analysis found a significant relationship even given these limitations, the effect noted is likely diluted by measurement error and may actually be stronger.
Along with the change in beliefs that nuts, being a source of high calories, are undesirable transitioning to belief that nuts are valuable sources of health fats, fibre, nut consumption is changing in the United
States. Fortunately, the NHANES data and analyses in this study largely predate this swing in behaviour. The disadvantage, however, is the relatively lower prevalence of walnut consumers in the older rounds of NHANES. Because of this we are unable to examine effects robustly among subgroups. We detect interactions, but our analyses are not powered to adequately explore them.
Another advantage of the older consumption behaviour, which was not likely driven by health awareness, is that consumption is not likely to be biased by disease concerns. This report adds to the growing body of knowledge suggesting positive effects on health of walnut consumption behaviour.
